B lood vessels form 3-dimensional branched networks whose architecture is tailored to serve specific physiological functions in different organs. 1 Retinal angiogenesis begins at birth with the formation of a superficial primary plexus (PP), which spreads by angiogenic sprouting from the center to the periphery on the surface of the ganglion cell layer. Subsequently, vessels branch vertically into the deeper layers of the retina to establish a secondary plexus, which supplies the retinal neurons. 2 During PP development, single endothelial cells (ECs) specialize into motile endothelial tip cells that locate at the leading edge of growing angiogenic sprouts and contribute to vessel branching by sensing guidance cues, such as vascular endothelial growth factor (VEGF) gradients, in the extracellular milieu. 3 Tip cell formation in the sprout is tightly regulated by the Notch signaling pathway, a cell contact-dependent signaling mechanism activated by binding of Notch receptors to ligands of the conserved Delta-like (Dll) and Jagged (Jag) gene families ( Figure 4E ). 4 The ligand Dll4 is upregulated by VEGF in selected ECs in the angiogenic front, which behave as tip cells and activate Notch receptors in adjacent stalk ECs, thereby suppressing a tip cell phenotype and angiogenic sprouting. In contrast, the ligand Jag1 is strongly expressed in stalk ECs and antagonizes Dll4 function and tip cell suppression, which shows that endothelium-intrinsic Notch signaling regulates tip cell formation. 5 However, induction of Dll4 by VEGF is Notch dependent, which raises the possibility that extrinsic Notch ligands contribute to tip cell selection. 6 The Notch ligand Dll1
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Methods
Vertical branching was studied in isolectin B4 -stained frontal cross sections from the posterior parts of the retina from isogenic 129S1/ SvImJ-background littermates. Detailed Methods are discussed in the online-only Data Supplement.
Results
In mice with heterozygous Dll1 loss of function, which showed no overt developmental or postnatal phenotype (Online Figure I ), tip cell numbers and plexus complexity were decreased significantly ( Figure 1A ), and expansion of the PP was partially disturbed ( Figure 1B) . Analysis of deep plexus angiogenesis in retina cross sections revealed that vertical branch development was delayed and strongly reduced in Dll1 ϩ/Ϫ retinas at all neonatal stages investigated ( Figures 1C  and 1D ). Furthermore, expansion of the deep plexus was also impaired ( Figures 1D and 1E ). This suggests that Dll1 may affect tip cell differentiation controlling sprouting and subsequent vertical branch formation.
To test this concept, we investigated the involvement of tip cells in vertical branch formation during deep plexus angiogenesis. At the completion of PP expansion at postnatal day 7, ECs started to bud from preformed vessels in the central areas of the PP and formed perpendicular branches, which seeded and expanded into a secondary deep vascular plexus ( Figure 2A ). Interestingly, vertical branching was guided by endothelial tip cells, characterized by tip positioning along the branch, long filopodia extensions, and expression of the Notch ligand DLL4 (Figures 2B and 2C), which were highly similar to tip cells described in PP development. 3 However, in contrast to PP development, branching did not commence from immature sprouts at the angiogenic front but instead seemed to originate from central parent vessels, which were covered by a basal membrane composed of collagen IV, a marker for functional maturity ( Figure 2D ). 9 We next examined the expression pattern of Dll1 in PP development and vertical branch formation. Immunostaining and genetic reporter studies for Dll1 showed that during PP development, Dll1 was expressed as a uniform and superficial tissue layer within the ganglion cell layer in direct contact with sprouting tip cells, as well as in the deeper neuronal layers of the retina. With centrifugal advancement of the vascular plexus, this uniform and superficial Dll1 expression disappeared ( Figures 3A, 3B, and 3D ). Endothelial expression was never observed. During the onset of vertical branching, Dll1 expression remained extravascular and was absent from tip cells (Online Figure II) ; instead, discrete foci formed just underneath the superficial blood vessel layer, generating occasional slim streaks that reached into the deeper retinal layers ( Figures 3C and 3D ). These findings demonstrated extravascular Dll1 expression at sites of tip cell formation.
Together, these findings suggested that extravascular Dll1 may induce tip cell selection. To test this, we used an in vitro approach and challenged human ECs, which express Notch receptors (data not shown), with recombinant Notch ligands. DLL1 upregulated the canonical Notch target genes HES1 and HEY1 and induced the essential tip cell genes DLL4 and VEGFR3 10 even in the absence of treatment with VEGF-A ( Figure 4A ). Unlike DLL4, 11 DLL1 did not suppress VEGFR2 but instead induced the expression of EFNB2, an essential cofactor of VEGF signaling in tip cell induction. 12 Furthermore, DLL1 also increased EC numbers when coincubated with VEGF-A, which demonstrates enhanced VEGF responsiveness ( Figure 4B ). These effects were not observed in JAG1 culture, which suggests a specific function of Dll1 in tip cell selection. In line with Dll1 acting as a positive regulator of angiogenesis, EC network formation was enhanced by recombinant DLL1 ( Figure 4C ). Consistent with Dll1-dependent induction of Dll4 in tip cells in vivo, expression levels of Dll4 in postnatal day 5 retinas of Dll1 mutant mice were decreased significantly ( Figure 4D ).
Discussion
The present data demonstrate the involvement of Dll1 in the regulation of tip cells and implicate Dll1 as a positive regulator of sprouting and vessel branching. We postulate a model in which extrinsic, nonvascular Dll1 induces the expression of Dll4 and VEGF receptor components in native ECs, inducing tip cell selection and behavior ( Figure 4E) . Thus, tip cell selection is an active process under the control of Dll1, which, by inducing Dll4, reinforces tip-stalk discrimination by lateral inhibition. In this model, Dll1 is a tip cell selector and Dll4 a tip cell repressor; however, because Dll4 is a more potent Notch activator than Dll1, 13 induction of Dll4 in tip cells will also render adjacent cells insensitive to the specific effects of Dll1. Furthermore, induction of VEGF receptor 3 and ephrin-B2 expression by Dll1 enables enhanced sensing and signaling of the tip cell in response to VEGF. 12 The present data further emphasize that specific Notch ligands exert diverse effects in angiogenesis, which could be explained by differences in binding or activation of discrete Notch receptors, as demonstrated for the differential activation of Notch receptors by Dll4 and Dll1. 13 In contrast to Dll4 and Jag1, which are primarily expressed in ECs of the sprout, Dll1 is expressed in extravascular tissues of the retina, which enables precise spatial control of branching by extravascular cues and exemplifies a cross talk between tissues and blood vessels in the generation of 3-dimensional networks. The extravascular expression pattern of Dll1 is further consistent with the finding that endothelium-specific deletion of Dll1 had no effect on retinal angiogenesis. 7 We also formally demonstrated the existence of 2 geometrically distinct modes of mammalian angiogenesis that have similarities to stereotyped geometric modes of airway branch- ing during lung development, 14 which suggests the existence of a limited set of simple but universal patterning modes. Although PP development occurs through sprouting angiogenesis in a planar fashion, the deep plexus is formed by orthogonal budding of ECs from preexisting vessels, a process that resembles bona fide domain branching, ie, the development of a tube from a parent tube. By this mechanism, the vasculature acquires a 3-dimensional shape. Interestingly, both phases are guided by tip cells and are regulated by Dll1. Thus, vascular morphogenesis in the retina involves 2 waves of tip cell formation that direct 2 geometrically distinct patterning modes, which occur sequentially during vascular development. However, despite the reduction in tip cells in Dll1 ϩ/Ϫ retinas, PP expansion is only partially affected, whereas deep branching is strongly impaired. This suggests that a key function of tip cells is to mediate 3-dimensional branching morphogenesis.
Novelty and Significance
What Is Known?
• The formation of endothelial tip cells is a key event in vascular development and is critical for vessel sprouting and branch formation.
• Tip cell differentiation is inhibited by lateral Notch signaling between endothelial cells, which is regulated by ligands expressed within the growing vessel sprout.
• On the basis of the currently available data, it is postulated that tip cell selection occurs by default but is modulated negatively by tip cell restriction through endothelium-intrinsic Notch signaling.
What New Information Does This Article Contribute?
• Unlike other Notch ligands, the Notch ligand Delta-like 1 (Dll1) is expressed in nonvascular tissue, including the neuronal cell layers that surround the retinal vasculature.
• Extrinsic Dll1 induces expression of essential tip cell genes in native endothelial cells, which results in tip cell selection and angiogenic sprouting.
• Loss of Dll1 reduces tip cell numbers but also impairs vessel branching into the deeper retinal layers and the formation of a 3-dimensional network.
In developing blood vessels, single endothelial cells specialize into tip cells that contribute to vessel sprouting and branch formation. Tip cell differentiation is inhibited through lateral Notch signaling between endothelial cells, which is controlled by particular Notch ligands expressed within vessel sprouts. Using a genetic approach in mice, we show that the Notch ligand Delta-like (Dll) 1 acts as an extrinsic, nonvascular cue involved in tip cell selection that directs 2 geometrically distinct modes of vascular morphogenesis during vessel sprouting and branching.
Our observations suggest a model in which extrinsic Dll1 acts as tip cell selector that shapes vascular branching.
